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Retinoic Acid Signaling Is Required
for a Critical Early Step in Zebrafish
Pancreatic Development
derm patterning. BMS493-treated embryos appeared
healthy and, similar to nls mutants [4], lacked pectoral
fin buds and exhibited a reduction in the anteroposterior
(AP) extent of the hindbrain (data not shown).
The zebrafish pancreas expresses the same comple-
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Neurobiology, Genetics and Evolutionary Biology ment of developmental control genes and hormones as
the mammalian pancreas [12] (Figure 1). In BMS493-The University of Chicago
1027 East 57th Street treated embryos, expression of endocrine genes (insu-
lin, somatostatin, and glucagon; markers of differenti-Chicago, Illinois 60637
ated , , and  cells, respectively [12–14]), and trypsin
(an exocrine cell marker [14]), was undetectable from
the onset of normal expression through 72 hpf (hoursSummary
post fertilization; the mean stage to which treated em-
bryos survived) (Figures 1A–1D and 1K–1N). We wereThe mechanisms that subdivide the endoderm into the
similarly unable to detect any endocrine marker expres-discrete primordia that give rise to organs such as the
sion in the vast majority of nls embryos (Figures 1Opancreas and liver are not well understood. However,
and 1P), and expression of trypsin was either absent orit is known that retinoic acid (RA) signaling is critical
greatly reduced (Figures 1E and 1F). As treatment withfor regionalization of the vertebrate embryo: when RA
BMS493 is known to completely abrogate all RA signal-signaling is either prevented or augmented, antero-
ing, we conclude that RA is necessary for differentiationposterior (AP) patterning of the CNS and mesoderm
of both endocrine and exocrine cells types of the pan-is altered and major developmental defects occur
creas. The occasional presence of residual pancreas[1–8]. We have investigated the role of RA signaling
cells in nls mutant embryos suggests that a low level ofin regionalization of the zebrafish endoderm. Using a
RA signaling is retained. As many zebrafish genes havemutant that prevents RA synthesis [4] and an antago-
duplicates [15], a second RALDH2 gene may be present,nist of the RA receptors [7–9], we show that specifica-
as was previously suggested to explain the finding thattion of both the pancreas and liver requires RA signal-
other aspects of the nls phenotype resemble those asso-ing. By contrast, RA signaling is not required for the
ciated with attenuation, rather than elimination, of RAformation of the endodermal germ layer or for differen-
signaling in amniotes [4].tiation of other endodermal organs. Timed antagonist
To investigate when endocrine pancreas cells wereand RA treatments show that the RA-dependent step
lost in RA-deficient embryos, we used markers of endo-in pancreatic specification occurs at the end of gastru-
crine progenitors [16]. We did not detect expression oflation, significantly earlier than the expression of
the progenitor marker islet1 in the region of the develop-known markers of pancreatic progenitors. In addition
ing pancreas in either BMS493-treated or nls embryos,to being required for pancreatic specification, RA has
although CNS expression was at normal levels (Figuresthe capacity to transfate anterior endoderm to a pan-
1G and 1H). Expression of the earliest marker of pancre-creatic fate.
atic precursors, pdx1 (expressed from 14 hpf [12, 13]),
was also absent from BMS493-treated and nls mutant
Results and Discussion embryos (Figures 1I and 1J), suggesting that RA signal-
ing acts to specify the pancreas before the onset of
We have used the zebrafish as a model to study the pdx1 expression.
formation of vertebrate endoderm-derived structures. In mice, pancreas and liver cells derive from a com-
As there is good evidence that retinoic acid (RA) signal- mon precursor population [17]; we therefore investi-
ing is essential for the patterning of ectoderm and meso- gated whether blocking RA signaling led to the absence
derm (reviewed by [10, 11]), we hypothesized that RA of the liver. Expression of three liver markers (cepb4
signaling might also regionalize the developing endo- [18], ceruloplasmin [19], and hhex [20]) was absent in
derm. To investigate the role of RA signaling in the devel- BMS493-treated embryos (Figures 1K–1N, and data not
opment of endodermal organs, we made use of both a shown). Furthermore, liver hhex expression was absent
pan-RA receptor antagonist, reagent BMS493, and the or significantly reduced in nls embryos (Figures 1O and
zebrafish neckless (nls) mutant, which disrupts the RA 1P). We conclude that inhibition of RA signaling prevents
synthetic enzyme RALDH2 [4]. Previous work has estab- differentiation of both pancreas and liver cell types, con-
lished that BMS493 antagonizes the activity of all RARs, sistent with the existence of a presumed hepatopan-
effectively preventing any RA signaling [7–9]. Treatment creatic progenitor cell population.
of mouse embryos with 106 M BMS493 anteriorizes the Pan-endodermal marker expression showed that for-
endoderm of the third and fourth pharyngeal pouches mation of the endodermal germ layer is independent of
[7]. We used an equivalent concentration of BMS493 to RA signaling. The early endodermal marker sox17 [21]
investigate the role of RA signaling in zebrafish endo- was not affected by BMS493 treatment (Figures 2A and
2B). Similarly, fkd7 [22] and axial [23] expression were
unchanged in the presumptive hepatopancreatic do-3 Correspondence: vprince@midway.uchicago.edu
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Figure 1. RA Signaling Is Necessary for Pancreatic Development
Embryos were processed for one- or two-color whole-mount in situ hybridization (dorsal views, anterior to the left). The left-hand panels show
wild-type or mock-treated control embryos. The right-hand panels show RA signaling-deficient embryos (either neckless/ (nls), identified
by morphology, or treated with 106 M BMS493). BMS493 stock solution at 102 M in 70% ethanol/30% H2O was diluted in embryo medium
[32], and treatment commenced at 6 hpf (but equivalent results were obtained when treatment commenced immediately after fertilization).
(A) insulin (red) and somatostatin (sst; blue).
(B) insulin and sst expression is absent in all BMS493-treated embryos (insulin 585; sst 58) and in the majority of nls embryos (insulin 17/18;
sst 5/5). Glucagon expression is also absent after treatment with BMS493 (n  45; data not shown [DNS]).
(C) trypsin (blue; bracket) and insulin (red).
(D) trypsin is undetectable after BMS493 treatment (n  40).
(E and F) trypsin is significantly reduced in nls embryos (n  5).
(G) islet1 expression in cranial nerves (bracket) and the pancreas (bar).
(H) Pancreatic islet1 expression is lost in BMS493-treated embryos (n  33) and nls embryos (n  5; DNS).
(I) Pancreatic pdx1 expression (bar).
(J) pdx1 is not expressed in BMS493-treated embryos (DNS; n  60, at stages from 14 to 48 hpf) or nls embryos (n  23, at 24 hpf).
(K) insulin (red) and cepb4 (blue) expression. cepb4 is expressed in the liver (arrowhead), at lower levels in gut endoderm, and in isolated
clusters of cells in the anterior of the embryo.
(L) cepb4 is not expressed in the liver of BMS493-treated embryos (n  45).
(M) ceruloplasmin (cp; red) and insulin (blue). cp is expressed in the liver (arrowhead).
(N) cp is not expressed in BMS493-treated embryos (n  63).
(O) hhex (blue) is expressed in the liver (arrowhead) and thyroid (arrow).
(P) liver expression of hhex is radically reduced in nls embryos (arrowhead; n  5) and is absent from BMS493-treated embryos (n  35;
DNS). The following probes were used: cepb4 [18], ceruloplasmin [19], glucagon and somatostatin [12], insulin and pdx1 [13], islet1 [16],
trypsin [14], and hhex [20].
main (Figures 2C and 2D, data not shown). The gut tube pancreas and liver differentiated in the absence of RA
signaling. Expression of nkx2.3, a marker of the pharyn-formed normally in BMS493-treated embryos (data not
shown). From all the experiments described above, we geal endoderm [25], and nk2.1a, a thyroid marker [26],
was maintained in BMS493-treated embryos (Figuresconclude that RA signaling is necessary for a step in
endodermal development that lies downstream of endo- 2G–2J). The thyroid normally undergoes an anterior mi-
gration [26]; however, the thyroids of BMS493-treatedderm formation but upstream of pancreatic progenitor
specification. specimens lay more toward the posterior than controls
(compare Figures 2I and 2J). The shift in thyroid locationRetinoid-deficient quail embryos show localized apo-
ptotic cell death in the CNS [24]. However, we confirmed was confirmed using hhex, which marks the thyroid as
well as liver (data not shown) [20]. We hypothesized thatthat the absence of pancreas and liver cells in BMS493-
treated embryos is not a result of aberrant cell death. We this altered thyroid position, as well as the loss of the
pancreas and liver, might reveal disrupted AP positionalinitiated BMS493 treatment at 9 hpf (causing complete
absence of the pancreas, see below) and analyzed cell information.
To further test this hypothesis, we altered RA signalingdeath by ISEL at 11 and 13 hpf, two intermediate stages
before the onset of pdx1 expression, and at 22 hpf, by treatment with exogenous RA. Treatment with 106
M RA for 1 hr (9–10 hpf) resulted in minimal alterationswhen markers of differentiated cells are expressed. We
detected no discernable differences in apoptotic cell to morphology but dramatic anterior ectopic expression
of all pancreatic markers (Figure 3). In addition to ectopicdeath between embryos with normal versus blocked RA
signaling (Figures 2E and 2F, data not shown). Thus, expression, the normal pancreatic expression domains
were retained. The pancreatic progenitor markers pdx1RA does not merely act as a survival factor, but rather
functions to direct specification of pancreatic progen- and islet1 were broadly expressed in the anterior endo-
derm of RA-treated embryos (Figures 3A and 3B),itors.
We confirmed that endodermal organs other than the whereas ectopic endocrine marker expression occurred
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Figure 2. Endoderm Formation, Survival, and Differentiation Are Independent of RA Signaling
(A–J) Embryos were treated from 6 hpf until fixation and were processed for whole-mount in situ hybridization (A–D; G–J), or they were treated
from 9 hpf (E and F) and were processed for in situ end labeling (ISEL) to label cells undergoing apoptotic cell death. (A–D) Expression of
general markers of the endoderm is not RA dependent. (A and B) sox17 at 8 hpf, whole-mounts; dorsal is oriented toward the right. (A)
Expression is in noninvoluting dorsal forerunner cells (arrowhead) and endodermal precursors, in a characteristic sparse monolayer over the
yolk. (B) Expression in BMS493-treated embryos is indistinguishable from controls (n  45). (C) fkd7 expression at 24 hpf in the gut tube,
pharyngeal endoderm (arrowheads), thalamus (bracket), and pancreatic primordium (bar). (D) Expression is maintained in BMS493-treated
embryos (n  15). (E and F) ISEL staining at 11 hpf in whole mounts (dorsal toward reader) showing sparsely distributed apoptotic cells.
BMS493-treated embryos do not exhibit consistently different apoptosis patterns relative to controls (n  65; 11, 13, and 22 hpf; DNS). ISEL
staining was performed essentially as previously described [33], using reagents from Intergen. (G–J) Differentiation of other endodermal
derivatives is not RA dependent. (G and H) nkx2.3 expression at 24 hpf in bilateral clusters of cells in the pharyngeal endoderm is unaltered
by BMS493 treatment (n  56). (I) insulin (red) and nk2.1a (blue) expression in the forebrain (bracket) and in the developing thyroid (blue
arrowhead). (J) insulin expression is lost, and thyroid expression of nk2.1a (blue arrowhead) is present, but it is shifted posteriorly relative to
the otic vesicle (green arrowhead) in BMS493-treated embryos (n  55). The following probes were used: sox17 [21], axial [23], fkd7 [22],
nkx2.3 [25], and nk2.1a [26].
in islands of cells (Figures 3C–3E). Two-color double in centrations (107 M; Figure 3I) but was lost altogether
in response to higher RA concentrations (106 M; datasitu analysis showed appropriate spatial organization of
ectopic pancreatic cell types [12] (Figures 3C and 3H). not shown), suggesting that posterior endodermal deriv-
atives had replaced anterior tissues partially or com-Ectopic expression initiated anteriorly and on time (pdx1
and insulin; data not shown), suggesting that cells did pletely in a dose-dependent fashion. Furthermore, ec-
topic pancreatic and liver marker expression extendednot mismigrate, but rather differentiated in an inappro-
priately anterior position. to the anterior limit of the embryo in response to high
RA concentrations but extended less extensively in re-As RA concentration was increased, expression of
endodermal markers shifted further toward the anterior sponse to lower RA concentrations (Figures 3D–3G),
suggesting a concentration-dependent posteriorization(Figures 3D, 3F, and 3E–3I). The anterior expansion of
“trunk” endodermal cell types (pancreas and liver), and of the endoderm. Similar alterations to AP identity in
response to ectopic RA have been well documented inthe corresponding loss of “head” endoderm (thyroid and
pharynx) in RA-treated embryos, suggested that manip- the ectoderm and mesoderm [3, 27–29].
We propose that the effects of disrupted RA signalingulating RA signaling reassigns AP identity of the endo-
derm. Accordingly, expression of the pharynx marker on endodermal derivatives may similarly be explained
by a reassignment of AP identity. We have observednkx2.3 was shifted anteriorly in response to low RA con-
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Figure 3. Exogenous RA Treatment Results in the Anterior Expansion of the Liver and Pancreas at the Expense of More Anterior Endodermal
Derivatives
RA (Sigma) stock solution was made in DMSO at 103 M, and working dilutions were made in embryo medium. Embryos were treated with
RA from 9–10 hpf. The bars indicate the normal location of the pancreas, and the brackets indicate the normal location of the liver.
(A) 106 M RA treatment causes pdx1 expression to extend anteriorly to the AP level of the eye (e).
(B) islet1 is ectopically expressed in bilateral endodermal domains through the anterior extent of the embryo; note the loss of islet1 expression
in the cranial nerves (compare to Figure 1G; n  45).
(C) Clusters of ectopic insulin and sst-expressing cells extend anteriorly from the normal location of the pancreas (n  50).
(D–I) Anterior expansion of pancreas and liver cells in response to RA is dose dependent. (D) 106 M RA treatment; insulin expression extends
to the anterior of the embryo (n  600). (E) 107 M RA treatment; insulin expression does not extend as far anterior (n  20). (F) 106 M RA
treatment; hhex liver expression extends anteriorly to the level of the posterior margin of the eye (n  60). (G) 107 M RA; hhex expression
extends only to hindbrain levels; also note the absence of the thyroid expression domain (n  20). (H) trypsin (blue) and insulin (red). Both
markers are expressed bilaterally in expanded anterior domains relative to untreated controls (n  20). (I) 107 M RA shifts nkx2.3 pharyngeal
endodermal expression anteriorly in comparison to untreated controls (arrowhead indicates posterior limit of nkx2.3 expression in controls;
compare to Figure 2G). In embryos treated with 106 M RA, nkx2.3 expression cannot be detected (n  20; DNS).
that BMS493 treatment shifts the thyroid toward the reduced, and their location was less anterior. Thus, RA
is most effective at specifying pancreas cells beforeposterior (Figure 2J), suggesting that the posterior endo-
derm has taken on anterior characteristics. We suggest 11 hpf, correlating well with the stage when BMS493
treatments showed RA signaling to be absolutely re-that anteriorization of the endoderm may shift the posi-
tional information that directs pancreatic development quired. These experiments revealed that the critical RA-
dependent phase of pancreatic specification occurs attoward the posterior, into a region that is less sensitive
to changes in RA signaling and incompetent to form the approximately the end of gastrulation, significantly ear-
lier than expression of known molecular markers of thepancreas. In support of this hypothesis, endodermal
expression of Zf-cad1 [30], which exhibits an anterior pancreatic primordium.
The nls gene, encoding the RALDH2 synthetic en-expression limit immediately posterior to the pancreas,
is unaltered in response to either RA or BMS493 treat- zyme, is expressed from pregastrulation stages (approx-
imately 4 hpf) in cells fated to form both endoderm andment (data not shown), suggesting that posterior endo-
derm identity is not influenced by alterations in RA sig- mesoderm [4]. For RA signals to be received, RARs must
be present. Two zebrafish RAR genes and one RARnaling.
To determine the developmental stage when RA sig- gene have been isolated to date [31], and all three are
expressed by 8 hpf (D.S., T. Schilling, and V.E.P., unpub-nals specify the pancreas, we treated stage-matched
embryos with BMS493 or RA at 30-min intervals and lished data). At 10.5 hpf, all RARs are expressed on
the dorsal side of the embryo within regions that likelyassayed for insulin expression. BMS493 treatment be-
fore 9 hpf prevented all insulin expression, but treatment include the pancreatic primordium (Figures 4A–4C). Sec-
tions reveal that RAR2b and RAR are expressed inafter 9.5 hpf allowed insulin expression in most embryos,
with the number of expressing cells increasing with the the endoderm (Figures 4B and 4C). Thus, RARs are pres-
ent at appropriate stages and locations to transducestage of treatment, such that, by 12.5 hpf, blocking RA
signaling had no significant effect (see the Supplemen- RA signals. The RA signal may be received directly in
the endoderm, or alternatively, in the mesoderm wheretary Material available with this article online). Thus, RA
signaling is absolutely required for pancreas cell differ- RA is synthesized, with a secondary signaling step influ-
encing the adjacent endoderm. Future studies in whichentiation before 9.5 hpf, near the end of gastrulation,
but by 12.5 hpf, the RA-dependent step is complete. In wild-type cells are directed to a specific germ layer of
RA signaling-deficient embryos (a strategy used by Be-reciprocal experiments, we found that RA treatments
between 8 and 10.5 hpf produced the most ectopic gemann and colleagues to analyze hindbrain defects
of nls) should allow us to discriminate between theseinsulin-positive cells, and the cells were located most
anteriorly within the embryo (see the Supplementary possibilities.
We have demonstrated that RA plays a vital role inMaterial). After 11 hpf, the number of cells was gradually
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